In this work, a novel lamination method employing hydrogen-bond interaction to assemble a highly conductive free standing PEDOT:PSS film as a common electrode is demonstrated in a solution processed metal-free foldable integrated photo-capacitor (IPC) composed of a monolithic organic solar cell (OSC) and a capacitor. The highlights of the work are: (1) micron free standing PEDOT:PSS electrode is successfully laminated onto a relatively large area (1 cm 2 ) OSCs; (2) a free standing capacitor based on the PEDOT:PSS electrode is achieved; (3) the IPC demonstrates an overall efficiency of 2% and an energy storage efficiency of 58%, which is comparable with those of IPCs based on metallic common electrodes; (4) the novel lamination method for PEDOT:PSS electrode enables free standing PEDOT:PSS broad applications in solution processed flexible organic electronics, especially tandem or/and integrated organic electronic devices. Furthermore, the IPC is foldable with excellent cycling stability (No decay after 100 recycles at 1 mA cm -2 ). These results indicate that free standing PEDOT:PSS film is a promising candidate as common electrodes for IPCs to break the restrictions of metal electrodes. The demonstrated lamination method will greatly extend the applications of PEDOT:PSS electrodes to large area flexible organic electronic devices.
Introduction
An integrated photo-capacitor (IPC), combined a solar cell and a capacitor by sharing a common electrode to simultaneously realize optical energy harvesting and electrical energy storage, received tremendous attention because the fluctuating and intermittent solar irradiation cannot provide continuous steady reliable energy supply. [1] In 2004, Murakami et al. firstly reported the in-situ energy harvesting and storage by integrating a dye-sensitized solar cell (DSSC) and capacitor. [2] After that, different types of solar cells, such as DSSCs, [3] organic solar cells (OSCs), [4] quantum dots sensitized solar cells [5] and perovskite solar cells [6] have been integrated with capacitors for IPCs. At present, the most of IPCs are based on DSSCs and capacitors.
However, the liquid electrolytes in most DSSCs are prone to leak and result in the failure of the devices. [7] OSCs possess advantages over DSSCs for all-solid state devices, light-weight and good flexibility, which are considered to be promising alternatives. In 2010, Srinivasan et al.
demonstrated an all-solid state IPC based on OSC and capacitor. [4] However, the IPC demonstrated poor cycle stability. In 2014, Peng et al. fabricated a wire-shaped IPC in which both of the OSC and capacitor were integrated onto a Ti wire substrate. [8] This IPC device showed a promising energy storage efficiency (ηstorage) of 65.6% and an overall efficiency (ηoverall) of 0.82%. In 2015, IPC consisting of series connected OSCs and graphene capacitors was reported by Amaratunga et al. [9] Recently, a high performance compact and monolithically stacked IPC by employing a novel electric glue and an efficient solar cell was reported by Lee's group. [10] Despite encouraging progress has been achieved with various IPCs, the development of IPCs is mostly limited by the poor capacitance and complex process of metal common electrodes. Therefore, exploring non-metallic highly electrical conductive and high capacitance common electrodes are urgently needed for enhancing both electron transport and storage capability of IPCs.
Conducting polymers, hold the advantage of light weight, excellent mechanical flexibility, high conductivity and solution processibility, have been under intensive research for application in electronic devices. [11] Among them, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has been widely used as electrodes to replace metals and indium tin oxide (ITO) in organic devices due to its excellent air and thermal stability, high transparency in the visible spectral region and high conductivity over 10 3 S/cm. [12] Furthermore, good capacitance of PEDOT:PSS makes it an ideal candidate for common electrodes in IPCs. [13] Thin PEDOT:PSS electrodes fabricated by spin coating, printing, or film transfer lamination [14] have sheet resistance about 100 Ω sq -1 , [15] which only meets the requirement of small area devices, but too large for large area organic electronic devices. [16] Therefore, thick PEDOT:PSS films with small sheet resistances are urgently needed for large area high performance electronic devices.
Recently, highly conductive thick free-standing PEDOT:PSS films were realized and utilized in capacitors and thermoelectrics. [17] Nevertheless, employing such free standing thick PEDOT:PSS film as electrodes in OSCs has not been demonstrated, yet, due to the poor quality of thick PEDOT:PSS film and lacking suitable methods to assemble it with the active layers in
OSCs.
Here we demonstrate a novel lamination method for utilizing free standing PEDOT:PSS electrode in IPC by employing a nonionic surfactant polyethylene glycol 2, 5, 8, , which makes two PEDOT:PSS interfaces adhere tightly via strong hydrogen-bond interaction. To demonstrate the method, a solution processed foldable metal-free IPC consisting of a 1 cm 2 OSC based on poly(3-hexylthiophene):indene-C60 bis-adduct (P3HT:ICBA) and a free standing capacitor with a structure of PEDOT:PSS/H3PO4-PVA/PEDOT:PSS via employing thick PEDOT:PSS film as a common electrode are fabricated and characterized. The ηoverall of the IPC is calculated to be around 2% and an energy storage efficiency of 58%, which is comparable with previous report based on metal electrodes. [10, 18] and calculated electrical conductivity of 531 S cm -1 (Table S1 ). X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements are employed to investigate the influence of ethylene glycol (EG) and PEG-TmDD on the PEDOT:PSS films. XPS measurement of sulfur atoms (showed in Figure S1a , b) shows the peak intensity at 168 eV derived from PSS decreased slightly, which indicates the contents of PSS decreased from 62.5% to 57.8% after EG and PEG-TmDD treatment. Figure S1c demonstrates the carbon atom characteristics, from which we can find that a new peak around 286 eV derived from CH2-OH bond is observed after doped. With adding 5% EG and 0.2% PEG-TmDD, the work function of the PEDOT:PSS film decreased slightly from 5.02 (pure) to 4.77 eV (doped) as shown in Figure S2 .
The detailed preparation of the free standing PEDOT:PSS film will be discussed in the experimental section. The Scanning Electron Microscope (SEM) image (shown in Figure 1a) of free standing PEDOT:PSS film exhibits an uniform surface. The inset of Figure 1a is the photo-image of free standing PEDOT:PSS film with a film thickness of ~6 μm and a low sheet resistance of ~5 Ω sq -1 (Table S1) , which meets the requirements of large area organic electronic devices. As the mechanical strength of the PEDOT:PSS film is a very important parameter, we measured the conductance of the laminated layers (spin-coated and free standing PEDOT:PSS) via bending ( Figure S3 ). The laminated layers enabled by hydrogen bonding exhibit good flexibility and excellent bonding effect even after 400 bending times.
Characterizations of OSCs
To Figure S4 ). The series resistance (Rs) of the three solar cells are calculated and listed in Table 1 , which show that Cell-2 holds much lower Rs of 16.7 Ω than Cell-1 (Rs 46.7 Ω). The improved PCE should be attributed to the enhanced electrical conducting of the top PEDOT:PSS electrode and thus a better charge collection and transport. [19] To further understanding the effect of free standing PEDOT:PSS film on the enhancement of and V is applied voltage. Figure 1d shows the Jph of two devices saturate at large Veff value, indicating that all of the photogenerated excitons are dissociated into free carriers and all carriers extracted by the electrodes. [20] Moreover, The Jph at a small Veff in Cell-2 is higher than that of Cell-1, which suggests a higher charge extraction efficiency and resulting in a higher FF. [21] In addition, we fabricated device with an effective area of 2.25 cm 2 . The performance are summarized in Table S2 and the J-V curve is shown in Figure S5 , which also demonstrate decent performance. The decreased PCE (2.53% for 2.25 cm 2 ) mainly caused by small FF due to series resistance increase with increased effective area. [16] The photovoltaic performance dependence on the thickness of electrode is investigated ( Figure S6 ) and the corresponding parameters are summarized in Table S3 , which shows that averaged device performance is gradually improved with the film thickness.
The mechanism of free standing PEDOT:PSS lamination
As we know, PSS molecules possess rich acidic sulfonic groups (-SO3H) and easily form Hbonds with hydroxyl groups (-OH). [22] In our previous work, we found that a non-ionic surfactant PEG-TmDD could decompose into EG and 2, 5, 8, . [23] The TmDD is a solid state compound at room temperature and possesses two hydroxyl groups (-OH) in each side, which could be employed as a strong adhesive for PEDOT:PSS film lamination. The corresponding procedures are presented in Figure 2 . Firstly, a thin PEDOT:PSS film is spin-coated on the top of active layer (P3HT:ICBA) by using PH1000 solution doped with 5% EG and 2% PEG-TmDD. After thermal annealing at 120 °C for 5 minutes, many TmDD molecules will appear in the PEDOT:PSS film. At the meantime, the free standing PEDOT:PSS electrode is dipped into PH1000 solution doped with 5% EG and 2%
PEG-TmDD for wetting. Then the wet free standing PEDOT:PSS film is put onto the top of the spin-coated PEDOT:PSS electrode followed by lamination in a vacuum (around 1 kPa) for 5 min. After that, the free standing PEDOT:PSS film is successfully adsorbed onto the spin-coated PEDOT:PSS layer assisted by the formation of hydrogen-bond interaction with the TmDD as the bridge. The contrast experiment without surfactant is performed under the same condition, which shows that the free standing PEDOT:PSS film cannot be laminated onto the spin-coated PEDTO:PSS electrode.
Characterizations of free standing capacitor
To further explore the potential of the free standing PEDOT:PSS electrodes for energy storage, a free standing solid-state capacitor is fabricated by employing H3PO4-PVA as electrolyte. The performance of the all-solid-state supercapacitor is investigated based on cyclic voltammetry (CV) curves. As shown in Figure 3a , the CV curves recorded at different scan rates, from which we can find that the CV curves remained nearly rectangle shape even the scan rate increased from 25 to 200 mV S -1 . This result indicates the free standing PEDOT:PSS electrodes possess a low resistance and good reversibility. The galvanostatic charge-discharge (GCD) profiles with a voltage window of 0.8 V are shown in Figure 3b . The near triangular shapes of these curves indicate good reversibility of the charging/discharging process, which is in good agreement with the CV curves shown in Figure 3a . The current density dependence of the specific areal capacitances (CA) can be calculated from different current densities and the relative curves are demonstrated in Figure 3c . The capacitance of the device reaches high CA of 30 mF cm -2 at a current density of 0.5 mA cm -2 . Furthermore, the capacitor shows superior rate performance.
With a current density increase from 0.125 to10 mA cm -2 , this free standing capacitor retained approximately 81% CA, indicating its outstanding charging/discharging rate stability. After 5000 cycles at a current density of 1 mA cm -2 , over 80% CA is retained (Figure 3d) , suggesting excellent cycle stability of the free standing capacitor. To show further the merits of the free standing film as the electrode material, the electrochemical impedance spectra (EIS) of devices are performed. Figure S7 exhibits the Nyquist plot in the frequency range from 0.01 to 100 kHz. At the high frequency, the ignorable charge-transport semicircle indicating a low resistance of the device, which is consistent well with the CV and GCD characterizations. The key parameters of energy density (ECa) and power density (PCa) are calculated to be 2.57×10 -6 Wh cm -2 and 0.4 mW cm -2 at a current density of 1 mA cm -2 , respectively.
Characterizations of the IPC
For realizing simultaneous energy harvesting and storage in a single device, we fabricated IPC by integrating the Cell-2 and free standing capacitor by using free standing PEDOT:PSS film as common electrode. The structure of the IPC is illustrated in Figure 4a and the photo image under completely foldable condition is shown in Figure 4b , from which we can find that the IPC possesses good foldable property due to the excellent flexibility of free standing PEDOT:PSS film. The photo-charging and discharging performance of the IPC is investigated under AM 1.5 simulated sunlight (100 mW cm -2 ) illumination. The OSC (Cell-2) with an effective area of 1 cm 2 demonstrates a current density of 7 mA cm -2 under AM 1.5. As shown in Figure 4c , the capacitor can be charged to 0.8 V in 5 s, suggesting a good transport performance of the IPC. After that, the IPC is discharged at varies current density from 0.125 to 1 mA cm -2 . For comparison, the auto-lab charging are employed with a same charging current of 7 mA cm -2 and discharge at the same current densities (Figure 4d) . Interestingly, the discharge times driven by the OSC are slightly longer than those of pure capacitors driven by external power source, which could be caused by the introduced solar cell sub-device and the resulting delay effect of the voltage transient in the solar cell during the discharge process. [24] As shown in Figure 5a , the ηoverall enhanced with the photo-charge time increasing, then the ηoverall reached a maximum and finally showed a downward trend slightly. The maximum ηoverall is 2% and the corresponding maximum ηstorage is 58%, which is comparable with previous IPC devices based on metal common electrodes. [10, 18] Then cycle stability of the IPC is investigated by photocharge and galvanostatic discharge at the current density of 1 mA cm -2 (Figure 5b ).
The fact of the areal capacitance of the capacitor maintained almost the same after 100 cycles demonstrates the superior cycling stability of the IPC.
Conclusions
A novel lamination method assisted by hydrogen-bond interaction for free standing PEDOT:PSS electrodes has been developed, which is successfully applied to integrate a OSC 
Experimental Section

Preparation of PEDOT:PSS electrode
The spin-coated PEDOT:PSS electrode is prepared by adding 5% EG and 2% PEG-TmDD into PH1000 solution and string for 1h. The detailed preparation procedures of the thick free standing PEDOT:PSS film is similar with our previous report.
[17b] Firstly, the PH1000 solution was dropped into the diluted 0.5 M sulfuric acid solution for achieving PEDOT:PSS plates.
Then these plates are collected and stirred for 24 hours for obtaining PEDOT:PSS paste. After that, 0.2% PEG-TmDD are added into the PEDOT:PSS paste to improve the wetting property of the free standing PEDOT:PSS film. The paste is fabricated into film by vacuum filtration.
At last, a free standing PEDOT:PSS film is achieved after removing filter paper with acetone.
The film thickness depends on the volume and concentration of PEDOT:PSS paste (Note: in this work 1 mL paste corresponding to 0.667 mL). The correlations between film thickness, sheet resistance and the volume of PEDOT:PSS paste were investigated (shown in Figure S8 and Table S4 ). The error bars of the thicknesses was displayed, which confirm the uniformity of the film.
Fabrication of OSC
The OSCs with a structure of ITO/PEI/P3HT:ICBA/PEDOT:PSS are fabricated as following:
the ITO substrates are rinsed with detergent firstly, and then treated by TL-1 (NH3 : H2O2 : H2O = 1 : 1 : 5) procedure for 30 min. PEI solution (0.1%, isopropanol) is spin-coated on the cleaned ITO substrates at 4000 rpm for 40 s followed by annealing at 120 °C for 15 min. A solution consist of 20 mg P3HT and 20 mg ICBA in 1 mL of o-dichlorobenzene is spin-coated on the top of PEI at 700 rpm for 60 s in glove box followed by annealing at 150 °C for 10 min.
Then the PEDOT:PSS solution is spin-coated onto the top of the photoactive layer at 800 rpm for 60 s in atmosphere. Finally, the free standing PEDOT:PSS film is laminated onto the top of the device then dried in vacuum. The effective area of the device is around 1 cm 2 . The J-V curves are measured using a Keithley 2400 under the irradiation of AM 1.5 G, 100 mW cm -2 .
Fabrication of free standing capacitor
The H3PO4-PVA electrolyte is prepared by dissolving PVA power (12 g) and H3PO4 (12 g) into 120 ml water. The resulting mixture is heated to 85 °C under stirring for 1 h until the clear electrolyte is obtained. Then the electrolyte is coated on the top of the free standing PEDOT:PSS electrode and dried in ventilation for 1 h. the fabrication of capacitor is finished by sandwiching a H3PO4-PVA film between the electrodes as the separator.
Fabrication of IPC
To fabricate IPC, OSCs with free standing PEDOT:PSS as top electrode (size is around 2.5 × 1 cm) and the common electrode are fabricated. One side of the free standing PEDOT:PSS film is used as the electrode for the OSCs while the other side is used as the capacitor's electrode.
Here, a polysulfones (PES) layer is introduced as the insulating layer between the two free standing PEDOT:PSS electrodes of the OSC and capacitor.
Calculations
The areal capacitances (CA), energy density (ECa) and the power density (PCa) determined from the galvanostatic charge/discharge data are given by:
Where I is the applied current, ∆t is the discharge time, ACa is the area of the capacitor (ACa = 1 cm 2 in this work), ∆V is the operating voltage obtained from the discharge profile excluding the voltage drop.
The ηoverall of the IPC is calculated from Equation (4) and the ηstorage is calculated from Equation (5).
Where Elight is incident light power density (100 mW cm -2 ) multiplied by the photocharge time,
AOSC is the area of OSC (here is 1 cm 2 ).
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Supporting Information is available from the Wiley Online Library or from the author Figure S3 . The conductance of a laminated PEDOT:PSS layer under bending. The photos (Inset) are images of the layer before bending, bending and after 400 bending. 
